Bluetongue virus (BTV) and equine encephalosis virus (EEV) are agriculturally important orbiviruses transmitted by biting midges of the genus Culicoides. The smallest viral genome segment, S10, encodes two small nonstructural proteins, NS3 and NS3A, which mediate the release of virus particles from infected cells and may subsequently influence the natural dispersion of these viruses. The NS3 gene and protein sequences of South African isolates of these viruses were determined, analysed and compared with cognate orbivirus genes from around the world. The South African BTV NS3 genes were found to have the highest level of sequence variation for BTV (20 %), while the highest level of protein variation of BTV NS3 (10 %) was found between South African and Asian BTV isolates. The inferred NS3 gene phylogeny of the South African BTV isolates grouped them with BTV isolates from the United States, while the Asian BTV isolates grouped into a separate lineage. The level of variation found in the NS3 gene and protein of EEV was higher than that found for BTV and reached 25 and 17 % on the nucleotide and amino acid levels, respectively. The EEV isolates formed a lineage independent from that of the other orbiviruses. This lineage segregated further into two clusters that corresponded to the northern and southern regions of South Africa. The geographical distribution of these isolates may be related to the distribution of the Culicoides subspecies that transmit them.
INTRODUCTION
The genus Orbivirus consists of 21 serogroups and is the largest genus within the family Reoviridae (Calisher & Mertens, 1998) . Orbiviruses encode at least seven structural and four nonstructural proteins from 10 dsRNA genome segments that are encapsidated by a double-layered icosahedral shell (Bremer, 1976; Huismans, 1979; Mertens et al., 1984) . The inner capsid proteins VP3 and VP7 are serogroup-specific antigens (Huismans & Erasmus, 1981) , while the outer capsid protein, VP2 , harbours serotypespecific antigenic epitopes that segregate a particular serogroup into distinct serotypes (Huismans & Erasmus, 1981) . The smallest genome segment, S10, encodes the nonstructural proteins NS3 and NS3A from two alternate in-phase open reading frames (van Staden & Huismans, 1991) .
Several orbivirus serogroups occur in South Africa. This includes the prototype, BTV, as well as other serogroups, such as African horse sickness virus (AHSV), equine encephalosis virus (EEV) and Palyam virus (PALV) (Coetzer & Erasmus, 1994; Whistler et al., 1989) . The dispersion of the serogroups is closely linked to the distribution of the associated arthropod vectors. Orbivirus vectors include species of biting midges of the genus Culicoides and in the case of PALV, Culicine mosquitoes (Calisher & Mertens, 1998) . The NS3 protein mediates the release of virus particles from infected cells (Hyatt et al., 1993) . The protein may also be involved in virus virulence (O'Hara et al., 1998) and can significantly influence vector competence (Riegler et al., 2000) . It may therefore play an important role in transmission of the virus in the vector and its subsequent dissemination. This impacts directly on the epidemiology of the specific orbivirus disease. The role of NS3/NS3A in the dissemination of the virus in the field is under investigation. Variation levels for bluetongue virus (BTV) NS3 are in the order of 9 %, which is approximately 28 % less than that for AHSV NS3 (van Niekerk et al., 2001) . The reason for this difference is unclear. Inter-serotype NS3 variation levels for other orbiviruses is unknown.
BTV has 24 serotypes and is enzootic in temporal and tropical regions of the world (Calisher & Mertens, 1998) . 19, 20, 22 and 24 occur in Africa. The phylogeny of the NS3 gene sequences of BTV strains, including serotypes 2, 10, 11, 13 and 17 from the United States and serotypes 1-4, 12, 15 and 16 from China, have grouped BTV strains into three monophyletic clusters, with a possible segregation based on geographical location (Bonneau et al., 1999) . These clusters are independent of BTV serotype, year of isolation and host species of isolation (Pierce et al., 1998) .
The EEV serogroup is known to be prevalent in South Africa, Kenya and Botswana (Barnard, 1997) and seven serotypes can be distinguished (Howell et al., 2002) . Seroprevalence of antibodies against EEV was found to be uniformly high in horses and donkeys throughout South Africa (Paweska et al., 1999) , with EEV appearing to be more prevalent than AHSV in South Africa (Venter et al., 1999b) . The full-length S10 sequence of a single EEV serotype (EEV-1) has been determined recently (A. C. Potgieter, unpublished data).
NS3 gene sequences of only two South African BTV strains (serotypes 2 and 10) have been reported and none have been published for EEV NS3. It was of interest to investigate the level of intra-serogroup NS3 gene and protein sequence variation of South African BTV and EEV isolates and to compare this variation to that found in parallel studies with other orbiviruses. The NS3 gene sequences of 15 EEV isolates, 18 South African and 3 Indian BTV isolates were determined by direct RT-PCR sequencing and the sequence data analysed, compared and used for further phylogenetic studies. Several historical isolates dating to the early 1900s were included in the investigation, which enabled a comparison of NS3 gene sequence variation over a period of ca. 100 years in South Africa. EEV NS3 variation was found to be higher than that of BTV but significantly less than that for the cognate gene and protein of AHSV. Phylogenetic analysis of EEV NS3 indicated the presence of two distinct clusters that correlate with the distribution of two different species of the Culicoides vector.
METHODS
Virus isolates. BTV isolates (serotypes 1-4, 8, 11 and 18) received from Onderstepoort Veterinary Institute are given in Table 1 . Virus isolates for the six known serotypes (serotypes 1-6) of EEV, as well as a newly identified serotype (serotype 7), were obtained from the Equine Research Centre, Onderstepoort (Table 1) . These viruses included the reference antigen strains and recent field isolates.
RNA isolations, cDNA synthesis and PCR. Total RNA was extracted from two 75 cm 2 flasks of BHK cells infected with BTV or EEV. At the time of collection, cells showed 80-90 % cytopathic effect, usually 3-5 days post-infection. RNA was extracted using TRIzol reagent (Gibco-BRL), resuspended in DEPC-treated water and stored at 220˚C. The dsRNA of S10 was reverse-transcribed into a cDNA copy using primers that annealed to the 59-and -39) for EEV, respectively. Numbers correspond to the base number of the respective RNA segment. The EEV primers contained restriction enzyme sites (underlined). cDNA synthesis and PCR were conducted as described previously (Zientara et al., 1998; Wade-Evans, 1990; van Niekerk et al., 2001) . Thermal cycling conditions were set at one cycle of 4 min at 94˚C, followed by five cycles of 1 min at 94˚C, 45 s at 52˚C and 1 min at 72˚C; 25 cycles as above with the primer annealing temperature set at 60˚C and a final cycle with the extension time increased to 5 min.
DNA sequencing and analysis. S10 PCR amplicons were purified using a commercial purification kit (Roche) and sequenced, according to the manufacturer's recommendations, using the ABI 377 automated sequencer (Perkin Elmer). In addition to the above-mentioned primers, additional internal primers, BTVR2 (59- -39), were used in S10 sequencing reactions to obtain the full-length BTV and EEV NS3 gene sequences. The letters s, y, k and r indicate a base wobble of c/g, c/t, g/t and a/g, respectively. The cycle sequencing annealing temperature was lowered to 50˚C for sequencing reactions with the EEV internal S10 primers.
The NS3 gene and translated amino acid sequences were aligned using CLUSTAL X, version 1.81 (Thompson et al., 1997) , and aligned sequences were used to generate a table of pairwise distances (PAUP, version 4.0b8) to evaluate genetic distances. Pairwise distances between the aligned S10 sequences were calculated using the uncorrected 'p' parameter settings of PAUP and the mean distance setting was used to calculate the distances between the aligned amino acid sequences. Accession numbers for related orbivirus NS3 sequences retrieved from GenBank are listed in Table 1 . The phylogeny of BTV and EEV NS3 genes was investigated with phylogenetic trees constructed using neighbour-joining and maximum-parsimony methods (PAUP, version 4.0b8). The HKY85 distance setting was used to construct the neighbour-joining trees. Bootstrap analysis was done (1000 replicates) and confidence scores are shown on the branches of the trees (PAUP, version 4.0b8).
RESULTS AND DISCUSSION

NS3 sequence analysis of South African BTV and EEV isolates
The BTV NS3 genes that were sequenced as part of this investigation included recent BTV field strains isolated in 1999 of serotypes 1-4, 8, 11 and 18, and several historical reference and vaccine strains dating back to 1900. The NS3 sequences of the seven EEV reference laboratory strains and several random field isolates of EEV were determined.
BTV and EEV NS3 sequence alignments are shown in Figs 1 and 2, respectively. The NS3 gene of the BTV strains that were sequenced all encoded a protein of 229 aa, while the EEV NS3 protein was found to be 11 aa longer (240 residues). Orbivirus NS3 proteins have five highly conserved domains. These regions include a second in-phase AUG start codon, a proline-rich domain, a stretch of approximately 50 aa between the proline-rich domain and first hydrophobic domain, which has a high level of sequence conservation, and two hydrophobic regions. A comparison Table 1 . Details of orbivirus isolates used in this study Accession numbers are shown for isolates taken from other studies (Moss et al., 1992; Jensen et al., 1994; Jensen & Wilson, 1995; Sailleau et al., 1997; Martin et al., 1998; Yamakawa et al., 1999; Bonneau et al., 1999; van Niekerk et al., 2001 of these domains in AHSV, BTV and EEV is summarized in Table 2 . The conserved NS3 domains in BTV and EEV contain a putative myristylation motif (Figs 1 and 2) followed by a highly positively charged region, as described for AHSV NS3 and other orbivirus NS3 proteins (van Niekerk et al., 2001) . Only one of the cysteine residues in NS3 of BTV, located at position 137, was highly conserved. The glycosylation motif at position 150-153 was conserved among all the isolates and this site has been shown to be glycosylated for BTV NS3 (Bansal et al., 1998) . Other highly conserved regions for EEV NS3 include a glycosylation motif at position 55-57 and four cysteine residues located at positions 65, 149, 161 and 184, respectively. The most variable region within NS3 of BTV and EEV was located between the two hydrophobic domains.
Variation level of BTV and EEV S10 and NS3
The percentage variation between South African BTV NS3 genes and proteins was determined by values of pairwise distance (Fig. 3) . The BTV NS3 genes and proteins were conserved in comparison with AHSV NS3 genes and proteins. The highest nucleotide sequence variation (19?9 %) was found between the South African isolates S8REF and S4VAC or S4REF. Maximum NS3 sequence variation (9?9 %) was between an Asian isolate, BTV 12C (China), and a South African isolate, S4VAC. The greatest level of NS3 sequence variation between South African isolates was in the order of 8?7 %. This variation is marginally higher than the level of sequence conservation reported previously .
This study included historical BTV strains dating back to the early 1900s and recent field isolates from 1999. This created a possible opportunity to study any random mutation events in S10 over time. The full-length BTV NS3 gene alignment (691 characters in nucleotide alignment data set; data not shown) indicated that 84 % of the mutations were common to both the historical and recent BTV isolates, indicating that these mutations were not recent but part of the existing pool of BTV NS3 gene variation. It has been proposed that variation of BTV NS3 is limited by structural constraints important for its function (Pierce et al., 1998) . The maximum levels of variation between historical and recent BTV strains did not exceed those found between historical BTV field isolates. There is, therefore, no evidence for the accumulation of a large amount of NS3 variation over the last 100 years.
The NS3 gene and protein sequences of EEV were analysed in a similar manner to determine the percentage variation within and across the EEV serotypes and to compare these levels of variation to those observed for other orbivirus NS3 genes and proteins (Fig. 4) . The NS3 gene and protein of EEV is less conserved than the cognate gene and protein of BTV. These levels are, however, substantially lower than the variation of 46 % for the NS3 gene and 37 % for the NS3 protein of AHSV (van Niekerk et al., 2001) . The highest level of EEV NS3 gene sequence variation (25?2 %) was between isolates from diverse geographical locations (S5REF and S1REF; S5REF and S1FLD1). Intra-serotype levels of gene variation were very low, irrespective of the geographical distance between the strains and ranged between 0 and 1?7 %. The EEV NS3 proteins differed by a maximum of 16?7 % and this was, once again, between geographically distinct isolates (S1FLD1 and S5REF as well as S7REF). The highest level of intra-serotype variation for NS3 proteins (2?1 %) was found between EEV-1 samples that all originated from the Western Cape but had a difference in isolation dates of 23 years. The NS3 proteins of the EEV-1 field isolates were particularly conserved in this investigation and all originated from the same geographical location. When EEV NS3 was compared to the NS3 proteins of other orbiviruses, it was found to differ from the AHSV NS3 proteins by 76?9-79?1 %, from BTV NS3 by 77?8-79?2 %, from PALV NS3 by 77?4-79?4 % and from epizootic haemorrhagic disease virus (EHDV) NS3 by 76?7-78?5 %.
Despite these differences in length and variation profiles among NS3 of different orbiviruses, the same set of conserved features are present in all these NS3 proteins, arguing for their functional or structural importance. Similar features are found in other small membraneassociated proteins of distantly related members of the family Reoviridae. Baboon reovirus encodes a protein, p15, that contains a functional N-terminal myristylation consensus sequence, a N-proximal proline-rich motif, two potential transmembrane domains and an intervening basic region. The p10 proteins of avian reovirus and Nelson Bay virus are similar and contain a hydrophobic domain, a transmembrane domain, a basic region and are palmitoylated (Dawe & Duncan, 2002) .
Inferred BTV and EEV NS3 gene phylogeny
The 21 BTV NS3 genes in this study were aligned with the cognate genes of other BTV isolates, AHSV and EHDV, and used to infer phylogenetic trees. Neighbour-joining and maximum-parsimony methods generated identical branching patterns, of which the neighbour-joining tree is shown (Fig. 5) . Bootstrap analysis generally indicated branch confidence levels of more than 70 % for the trees.
The different orbivirus serogroups formed distinct divergent lineages. BTV NS3 genes were more closely related to NS3 genes of EHDV than those of AHSV. The BTV NS3 gene lineage grouped into three distinct clusters that correlated with other studies and were termed I, II and III for the purpose of further reference (Fig. 5) Cluster I included seven South African virus isolates of serotypes 1, 2, 8 and 11 and serotypes 11 and 17 from the United States (Pierce et al., 1998) . The United States BTV isolates, BTV 11US (1962) and BTV 17VUS, grouped as a Fig. 5 . Phylogeny of BTV NS3 genes. The phylogenetic tree was inferred using the neighbour-joining method with the HKY85 distance setting (PAUP, version 4.0b8) and bootstrapped with 1000 replicates. Branch lengths are indicative of the genetic distances between the sequences. The NS3 genes of AHSV-2, -3 and -8 were included as outgroups in the analysis and the United States BTV, Chinese BTV and EHDV NS3 genes were included for reference purposes.
distinct subcluster that was not directly related to any of the South African BTV isolates. There was no evidence of branch segregation between the older and recent BTV strains that could indicate variation occurring over the time period in this study. Neither was any segregation based on geographical location of the isolates observed. The serotype 11 vaccine and reference strains isolated in 1944 in the Western Cape were the closest relatives to the recent field isolates some distance away. The two field isolates, S2F (Free State) and S11F (Gauteng), both isolated in 1999, NS3 genes were most closely related, despite the fact that they originated from different geographical areas and possibly different outbreaks. The highest amount of variation in NS3 genes for the South African isolates in this group was 8?3 %, while the variation between the South African and United states isolates reached a maximum of 9?4 % (S1REF and BTV 11US). The serotype 8 and serotype 11 vaccine strains were likely to have been derived from the corresponding reference strains as the NS3 genes of these isolates were closely related. The serotype 1 reference strain was, however, not closely related to the corresponding vaccine strain (cluster II).
Cluster II contained most of the South African BTV isolates, including serotypes 1-4, 8 and 18. Two United States strains, BTV 13US (1989) and BTV 17FUS (1981), grouped into a separate branch in this cluster but branched among the South African BTV isolates. In the study undertaken by Pierce et al. (1998) , these two isolates were distantly related members of the same cluster. The highest level of NS3 gene variation (9?2 %) in this cluster was between South African isolates (S1VAC and S4VAC), unlike that observed in cluster I where the highest variation was between United States and South African isolates (Fig. 3) . It was again evident in this cluster that the geographical locality of the isolates did not influence tree branching and thus was not as a result of NS3 gene variation. The BTV-3 and BTV-4 field isolates grouped together in a subcluster, while the BTV-8 field isolate formed the single taxa of another branch, despite the same geographical location of these isolates. Similar to that observed in cluster I, the serotype 3 and 4 vaccine strains were probably derived from the corresponding reference strains. The S1VAC, S2REF and S18REF strains appeared to be independent lineages in this cluster with no close relatives.
The only cluster in this analysis that did not contain United States or African isolates was the Asian or Eastern cluster, cluster III. This cluster consisted of BTV isolates from India isolated in 1999 (S1F1, S1F2 and S18F) and China, namely, BTV 12C (1996 ), BTV 15C (1996 and BTV 16C (1998) (Bonneau et al., 1999 ). An Australian BTV isolate also grouped in this cluster (data not shown). The BTV-1 field isolates were closely related to a Chinese isolate, again implying that the geographical origin of the isolates has little or no influence on the variation found in the NS3 genes. The Indian isolate, S18F, and the other Chinese strains were more distantly related and formed individual branches in this cluster. From the phylogenetic analysis, it is evident that segment shifting of S10 is likely to occur. This also occurs in the case of AHSV and has been found in other studies of BTV S10 epidemiology (Pierce et al., 1998; Bonneau et al., 1999) .
Determination of the NS3 gene sequences of several EEV strains enabled us to investigate the genetic relationship between the EEV serotypes and serogroups to those of other orbivirus serogroups. The phylogeny of EEV inferred using either NS3 gene or protein sequence data grouped the EEV strains into identical groups, as did the use of either the neighbour-joining or maximum-parsimony tree construction methods. The phylogenetic tree inferred using the NS3 gene sequence data, however, enhanced the resolution of the virus clusters due to the greater level of sequence variation and therefore best illustrated the phylogeny of these viruses (Fig. 6 ).
The EEV viruses in this study grouped together as a distinct Fig. 6 . Phylogeny of South African EEV NS3 genes. The phylogenetic tree was inferred using the neighbour-joining method with the HKY85 distance setting (PAUP, version 4.0b8) and bootstrapped with 1000 replicates. Branch lengths are indicative of the genetic distances between the sequences. Other Orbivirus serogroups were included for reference purposes with BRDV designated as the outgroup in this phylogram.
independent lineage, with no close relation to the AHSV, PALV, BTV or EHDV serogroups. The EEV serogroup has evolved to form two distinct NS3 gene clusters, termed A and B, which seem to correlate to geographical regions in South Africa with an overlapping region in Gauteng. This may change if more EEV NS3 gene sequence data are accumulated. Viruses in cluster A were isolated from regions in South Africa, stretching from Stellenbosch in the Western Cape through to Gauteng, and covers a vast southern region of the country. The most divergent strain of cluster A (S4REF) was isolated from the overlap region.
Cluster A grouped serotypes 1, 2, 4 and 7. The NS3 genes of serotype 1 field isolates from the outbreak in Western Cape (1999) encoded identical proteins, except that of the S1FLD1 strain, which differed by a single amino acid at position 11; this indicates a high level of NS3 conservation in the Stellenbosch outbreak. There was no apparent subclustering based on geographical locality of the isolates in this group. The closest relative to the serotype 1 field isolates, on the level of NS3 gene sequence, was the EEV-7 reference strain isolated on the distant eastern coast of South Africa (KwaZulu-Natal) in 2000. The most divergent member in this cluster was S4REF, which also had the most northerly location of the viruses in this cluster.
Cluster B included serotypes 3, 5 and 6, which clustered independently of isolation date. The serotype 3 reference and field strains were closely related, despite a 30 year time difference in isolation dates. Serotype 6 field isolates were related most closely to the serotype 6 reference strain that was isolated 9 years prior to that of the field strains. No subclustering could be attributed to different geographical locations of the EEV isolates within the central northern region, as the serotype 6 field isolates were isolated some distance from each other (Gauteng and Limpopo provinces), but were close relatives of a branch in this cluster. There is no evidence of restricted NS3 gene-flow within each of these virus clusters, as virus isolates made from distant geographical locations within these two regions can harbour closely related S10 dsRNA segments (Fig. 6 ).
The occurrence of the EEV NS3 gene clusters may be related to the distribution of the Culicoides vectors, which differs with climatic changes. The prevalence of EEV was further noted to have increased over the 12 year period from 1983 to 1995 (Lord et al., 2002) . To date, two species in the Culicoides imicola species complex, C. imicola (senso stricto) and C. bolitinos are known to transmit EEV (Venter et al., 1998 (Venter et al., , 1999a . There is a high degree of polymorphism in the C. imicola species complex (Sebastiani et al., 2001) . C. imicola (senso stricto) is the most abundant and widespread of the species in the complex, while C. bolitinos is the second most abundant species. Unlike C. imicola (senso stricto), C. bolitinos is largely independent of environmental changes in rainfall and temperature and is subsequently common in areas where C. imicola (senso stricto) is scarce (Sebastiani et al., 2001) . The high degree of genetic diversity within these Culicoides species may effect efficacy of virus release from the midges. Certain NS3 genotypes of EEV may be better adapted to release virus from certain species in the C. imicola species complex. The two EEV NS3 types that differ by up to 16?7 % in amino acid sequence identity occur in two regions of South Africa and this broadly corresponds to the occurrence of the two different Culicoides species (Sebastiani et al., 2001) . C. imicola predominates in the northern regions of the country, where EEV NS3 gene cluster B occurs, while C. bolitinos was locally more abundant in the southern districts where EEV NS3 gene cluster A occurs. The genetic variability and distribution of C. imicola (senso stricto) in the Southern regions of the country is likely to differ from season to season depending on the pattern of rainfall. This may influence the dominance of certain EEV strains in specific outbreaks as well as their distribution in South Africa. If this assumption is correct, it would imply that EEV strains that harbour the cluster A NS3 type are likely to occur in the southern regions of South Africa, while the strains that harbour the cluster B NS3 type will have a more northerly distribution. The overlap region may sustain either of the Culicoides subspecies, therefore allowing for the occurrence of EEV isolates with either NS3 type in this region. There appears to be evidence that the BTV clusters that circulate in the United States and China are related to distinct vector species and that these BTV strains have co-evolved with their respective insect vector species in the regions (Bonneau et al., 1999) . The absence of any type of pattern of geographical distribution similar to that found with EEV could reflect on the ability of South African BTV strains to be transmitted by any population of C. imicola (senso stricto) or C. bolitinos.
